Introduction {#sec1}
============

Molds play an important role in various ecosystems and are used for the production of different types of foods and food supplements, beverages, enzymes, antibiotics, and other pharmaceuticals.^[@ref1]−[@ref3]^ However, molds are also responsible for a vast amount of global food spoilage and cause damage to a wide range of building materials and household surfaces. Additionally, they are also capable of producing a plethora of harmful organic metabolites. Many of the produced metabolites are proteins which can cause allergic reactions and respiratory diseases.^[@ref4]^ Especially dangerous are food related fungal species, which are capable of producing toxic metabolites known as mycotoxins, many of which are known human carcinogens, neurotoxins, immunosuppressants, and endocrine disruptors.^[@ref5]^

The occurrence of unwanted mold causes economic loss on a global scale; a challenge made even more pressing by the lack of a truly effective response measure to prevent it. Recently, several studies have indicated that the problems caused by fungal contamination are rising at an alarming rate due to improper agricultural practices and global climate change.^[@ref6]−[@ref8]^ Moreover, globalized economies demand the long distance transport of food from producer to consumer, meaning frequent changes in local climate and long storage times, further exacerbating the issue.^[@ref9]^ Current approaches to avoid mold contamination usually involve the use of groups of chemicals such as fungicides and disinfectants, where disinfectants are typically alcohol-, peracetic acid-, iodophors-, aldehydes-, chlorine-, peroxygen-based, or a mixture of these chemicals.^[@ref10]^ For instance, a recently introduced and widely used liquid disinfectant known as Virkon is composed of a combination of oxone, sodium dodecylbenzenesulfonate and sulfamic acid plus various inorganic buffers. As a classical antimicrobial agent, it has a wide spectrum of disinfection activity, including effectiveness against fungal species.^[@ref11]^ As with other disinfectants, complete fungal inactivation using Virkon requires a significant exposure, dictating lengthy and complex decontamination procedures which increase the risk of inadvertent exposure and associated potential health risks. Following the inactivation procedure, the disinfectant must be discarded placing a burden on the environment and giving rise to the potential for toxic residues to remain.^[@ref12]^ Given the challenges posed by conventional liquid disinfection agents, new antifungal methods are urgently sought that offer an environmentally friendly "soft" approach, while ensuring sufficient fungicidal rates and minimal impact on the treated subject.^[@ref13]^ Such approaches include nonthermal fungal inactivation methods including UV and pulsed light irradiation, gamma irradiation, and ozonation.^[@ref14]−[@ref18]^ The fungicidal effect of irradiation techniques is based on indirect action of electrons (e^--^), hydroxyl radicals (OH), hydroxyperoxyl radicals (HO~2~), hydrogen peroxide (H~2~O~2~) and other reactive species formed by radiolysis of cellular water, which leads to lethal structural damages in fungal cells, including DNA strand breakage, cell membrane rapture, or mechanical impairments of cell walls.^[@ref14]^ Ozone (O~3~) is highly potent oxidizing agent. With its capability to diffuse through membranes, it is able to attack various constituents in cell membranes, cell walls, and cytoplasm.^[@ref19]^ Recently, a novel nonthermal method known as atmospheric pressure plasma treatment was introduced.^[@ref20]^

Cold atmospheric pressure plasma (CAP) technology represents a promising new and green approach to fungal inactivation.^[@ref21],[@ref22]^ It has already been proven to be an efficient tool for the inactivation of microbial pathogens and other toxic agents from surfaces and food products, the degradation of pollutants in potable water, treatment of cancer cells and tumors, as well as a host of other applications spanning the domains of environment science, biology, and nanotechnology.^[@ref23]−[@ref28]^ Yet, to date, few studies have explored fungal inactivation with air based CAP.

In principle, the plasma state of matter refers to ionized gas with unique physical and chemical properties. CAP is generated by adding energy (e.g., through an applied electric field) to a gaseous state, resulting in the creation of a mixture of ground and excited state atoms and molecules, electrons, ions, free radicals, and UV photons.^[@ref29]^ The generation of nonequilibrium atmospheric pressure plasma results in the production of a wide spectrum of reactive oxygen and nitrogen species (RONS) at low temperatures. These species play an important role in the biological activity of CAP due to their high oxidative potential. The most critical among them are atomic oxygen (O) and nitrogen (N), OH, superoxide (O~2~^--^), HO~2~, O~3~, H~2~O~2~, nitrogen oxides (NO~*x*~), and peroxynitrite (ONOO^--^).^[@ref30]^

A promising alternative approach compared to directly applying the plasma to a target surface for the purpose of disinfection is to use a "plasma activated liquid". In this modality, CAP is applied to a liquid which initiates a wide variety of interactions between the gaseous CAP species and liquid media, resulting in the diffusion of gaseous RONS into liquid and the creation of unique liquid chemistries that have shown a broad spectrum of biological effects.^[@ref31]^ The proven antimicrobial activity of both gaseous and liquid RONS originates from the damage they cause to the microbial cell wall and/or membrane, subsequently enabling further reactive species to enter the cell and damage the intercellular components such as organelles and important biomolecules (DNA, RNA, and proteins).^[@ref26],[@ref32],[@ref33]^

Some studies have indicated that CAP treatments can be effective for the inactivation of various fungal species from the genera *Aspergillus*, *Penicillium*, *Fusarium*, and *Cladosporium*,^[@ref34]−[@ref38]^ compared to other nonthermal decontamination approaches such as UV irradiation and ozonation. For instance, a 5.48 log reduction for *Aspergillus flavus* and a 5.2 log reduction for *Aspergillus parasiticus* were achieved after a 5 min exposure to an atmospheric pressure fluidized bed air plasma.^[@ref34]^ Furthermore, greater than 4 log of *Penicillium digitatum* spores were inactivated after a 7 min exposure to an atmospheric pressure oxygen CAP system.^[@ref39]^ Despite encouraging results from these reported studies, the reported CAP systems cannot be easily applied for real-world large-scale processing or implementation in an industrial environment. Moreover, the detailed physical-chemical pathways at play in the plasma and its biological outcomes in terms of fungal inactivation remain elusive, requiring significantly more investigation in to the technology before it could hope to see widespread industrial adoption. In order to overcome these knowledge gaps, this study focuses on the inactivation of fungal spores using a surface barrier discharge (SBD) CAP system employing only ambient air. One of the main advantages of SBD is its scalability. As previously demonstrated, uniform plasma can be generated over electrode area of 100 × 100 mm and can be scaled up or down to required size.^[@ref40]^ In this study, *Aspergillus flavus* was chosen as it poses a particular hazard to humans due to its ability to produce highly carcinogenic mycotoxins, known as aflatoxins.^[@ref41]^ The SBD source was used to directly treat fungal spores and to generate plasma activated aqueous broth solution (PAB). The fungicidal efficiency of both direct CAP treatment and application of PAB were compared with a standard 1% Virkon solution. A host of plasma and liquid diagnostic techniques were employed in order to link the physical and chemical properties of both the gaseous plasma effluent and the composition of the PAB to the biological effects observed. Ultimately, the results of this study indicate that direct air CAP treatment is an extremely effective antifungal agent, providing key advantages over competing approaches by offering an ability to generate high densities of RONS directly at the point of need, using only ambient air and very little electrical power. It is these key attributes that will greatly facilitate the widespread implementation of CAP technology for fungal decontamination, ultimately serving to reduce the need for potentially toxic liquid disinfectants and thus minimizing the environmental burden associated with fungal inactivation.

Materials and Methods {#sec2}
=====================

CAP System {#sec2.1}
----------

The highly scalable CAP system used in this investigation was similar to that reported by Ni et al.,^42^ comprising of a plasma generating electrode unit fabricated from a 100 mm diameter, 1 mm thick quartz disc with aluminum electrodes adhered either side. On one face of the quartz disc, the electrodes were connected to a high voltage power source and coated in epoxy resin to prevent plasma formation. On the opposing side of the quartz disc, a counter electrode was created by connecting the strips to the power source ground. On application of a high voltage AC signal, plasma formed around the edges of the grounded electrode. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}(a) shows a schematic representation of the plasma source and 1(b) shows a photograph of the system operating at an applied voltage of 10 kV. To provide the high-voltage, a homemade power source capable of generating voltages ranging from 5--15 kV peak to peak at 40 kHz was employed. It is well-known that air plasma produced using a SBD under ambient conditions generates an abundance of biologically active RONS. The particular composition of the discharge effluent is strongly influenced by the discharge properties, including the applied voltage and dissipated power.

![(a) Schematic of air SBD plasma system used for fungal spore inactivation; (b) photograph of CAP system operating under high-power conditions.](es-2018-05386k_0001){#fig1}

In this investigation, the CAP system was operated under three different dissipated power regimes obtained by varying the applied voltage. Under low power conditions, with a power of 0.79 W/cm^2^ the gas phase chemistry in the headspace between the active discharge layer and the sample was found to be dominated by reactive oxygen species (ROS). Under high power conditions, with the power set at 1.62 W/cm^2^, the gas composition was dominated by reactive nitrogen species (RNS). A medium power condition was identified, with power set to 1.24 W/cm^2^, simultaneously generating both ROS and RNS chemistries.

Fungal Spore Preparation {#sec2.2}
------------------------

*A. flavus* spores (strain EXF-532) were provided by the Mycosmo microbiological bank (Ljubljana, Slovenia) and used in all investigations reported here. To produce spores, molds were first grown on fresh potato dextrose agar (PDA; VWR Chemicals) plates for approximately 7 days at 25 °C. Following successful growth, a stock suspension of spores was prepared by flooding the PDA plates with an aqueous solution of tryptic soy broth (TSB; Biolife) including the addition of 0.05% Tween 80 (Acros Organics). Following addition of the broth solution, spores were gently scraped from the surface of the newly formed mycelia using a sterile loop. To achieve the highest possible homogeneity, the stock spore suspension was mixed thoroughly using a sterile injection needle. To determine the concentration of spores in solution, an optical microscope was used with the help of an improved Neubauer Brightline hemocytometer (BRAND).

CAP Treatments {#sec2.3}
--------------

In this study, the plasma source was used to generate a broad spectrum of long-lived RONS, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}(a), these species were applied to the sample using two alternate approaches; one involving the direct exposure of spores to the gas phase effluent of the plasma, shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}(b) and the other involving the plasma treatment of aqueous broth solution and subsequent application of the PAB to the spores, shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}(c). To accommodate these different tests, one-third of the prepared spore solution was deposited on to glass coverslips to give a surface concentration of 10^6^ spores and allowed to dry for 5 min. These samples were used to assess the effectiveness of a gas phase CAP treatment. The experimental approach used to directly expose fungal spores is presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}(b). To assess the potential of PAB for inactivation of fungal spores, 3 mL of sterile aqueous broth solution with 0.05% Tween 80 was exposed to plasma under the same conditions used in the gas phase treatment scenario. The resulting PAB was subsequently added to the spore solution for the purpose of decontamination, as presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}(c). Finally, the remaining third of the prepared spore solution was reserved to assess the decontamination efficacy of Virkon, a commonly used disinfection agent with strong fungicidal action providing a valuable benchmark from which to compare respective plasma treatments.

![Diagrammatic representation of CAP treatment methodologies: (a) CAP system and the key short- and long-lived plasma generated RONS; (b) direct CAP treatment of *A. flavus* spores; (c) CAP treatment of aqueous tryptic soy broth solution and subsequent exposure of *A. flavus* spores to plasma activated broth solution (PAB).](es-2018-05386k_0002){#fig2}

During CAP treatments, the SBD electrode was positioned on top of an open Petri dish lid containing either a glass coverslip hosting fungal spores or the aqueous TSB broth solution. In all cases, the distance between the active discharge and the sample was fixed at 5 mm. For all tests involving liquid treatment, the CAP system was placed on a magnetic stir plate, and the sample continually stirred at 225 rotations per minute.

To treat the spores deposited directly on to a glass coverslip, CAP was applied at low, medium and high power for time durations of 30, 60, 120, 240, and 480 s. Following CAP exposure, the coverslips were washed with 1 mL of sterile broth solution. Serial decadal dilutions of this solution were prepared and plated on to fresh PDA plates followed by incubation for 2 days at 25 °C. Following incubation, colonies were counted and converted to logarithmic values. For experiments involving PAB, the solutions including both spores and PAB were transffered to microcentrifuge tubes and incubated for 3, 6, and 24 h at 37 °C in shaking incubator at 150 rpm. Following incubation, serial decadal dilutions of the spore samples were plated on to fresh PDA plates and colonies forming were counted. To provide a comparison with conventional methods, the spore solution was also exposed to a 1% aqueous solution of Virkon (Du Pont). This was achieved by spraying the Virkon on to spores deposited on a glass coverslip for 480 s, which is equivalent to the longest plasma exposure time. In the case of spore suspension treatment, spores were exposed to Virkon for 3, 6, and 24 h. In all cases, tests were performed in triplicate to provide a statistically robust comparison.

Metabolic Activity (XTT Test) Of Spores {#sec2.4}
---------------------------------------

After treatment, the metabolic activity of the spores was assessed using a Mitochondrial activity test (XTT test). This was achieved by adding a 10 mL solution of PBS (Sigma-Aldrich) containing a 10 mM concentration of XTT (2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide; Alfa Aesar). Prior to the test, a 1 μL of menadione (2-methylnaphthalene-1,4-dione; Acros Organics) prepared in 100% acetone (VWR Chemicals) was added to the solution. For the test, 50 μL of the sample, containing a concentration of 10^6^ spores/mL, was placed in a 96-well plate and mixed with 50 μL of saline solution and 50 μL XTT reagent. The well plates were then incubated at 37 °C for 2 h in the dark to form the colored XTT formazon product. The absorbance at 450 nm wavelength was measured after 4, 8, 12, 16, 20, and 24 h.

Scanning Electron Microscopy {#sec2.5}
----------------------------

Mold spores exposed to both the CAP gas phase effluent and PAB were first submerged in a 2.5% glutaraldehyde fixative solution and incubated overnight. The samples were then dehydrated in a series of increasing ethanol concentrations, finally being placed in 100% ethanol. After that, samples were dried in hexamethyldisilazane (HMDS). Once in 100% HMDS, spores were placed on aluminum SEM holders and coated with a 6 nm platinum layer to prevent charging effects during analysis. SEM (Jeol JSM-7600F) was performed at 2 kV.

Plasma Activated Liquid Analysis {#sec2.6}
--------------------------------

Immediately following the generation of PAB, the pH level was measured using a Hanna instruments HI 98129 combined pH and conductivity probe. To further understand the chemical composition of the activated liquid, colorimetric tests were performed to measure hydrogen peroxide (H~2~O~2~), nitrite (NO~2~^--^), and nitrate (NO~3~^--^) concentrations. To determine the presence of H~2~O~2~, a ferric-xylenol orange complex (xylenole orange, sorbitol and ammonium iron sulfate; Sigma-Aldrich) was added to the treated solution and the absorbance measured at 560 nm. NO~2~^--^ concentrations were evaluated using a standard Griess reagent assay (Griess reagent system; Promega) examining absorbance values at 540 nm. The NO~3~^--^ concentration was determined in plasma treated deionized water by measuring the absorbance at 200 nm followed by comparison with the standard calibration curve. The measurements of NO~3~^--^ in plasma treated deionized water were compared against the values determined in PAB using test stripes (Quantofix Nitrate/Nitrite test strips).

Fourier-Transform Infrared Spectroscopy Analysis {#sec2.7}
------------------------------------------------

Generation of CAP using an SBD produces a wealth of long-lived chemical species that are able to travel well beyond the confines of the visible discharge. To analyze the long-lived gas phase species under low, medium and high power operating conditions the SBD electrode unit was placed within a sealed enclosure, and the effluent from the system was drawn through a Fourier-transfor infrared (FTIR) gas cell (multipass design with 16 m path length) using a small vacuum pump (\<1 l/min). A Jasco FT/IR-4000 spectrometer with a mid-IR optical bench from 7800 to 500 cm^--1^ was used to record the resulting IR absorption spectrum. Measurements were taken with a resolution of 4 cm^--1^ and each spectrum comprised of 25 individual acquisitions averaged. To obtain the concentration of relevant species from the absorption spectra, a fitting procedure based on a comparison of peak area against standard reference profiles obtained from the Pacific Northwest National Laboratory (PNNL) library was implemented.^[@ref43]^ The standard reference data was collected at 1 part-per-million-meter (ppm-meter) resolution at 296 K with a path length of 1 m. To obtain the concentration, *C*, of a particular molecule from the absorption spectra, the equation *C* = *A* /(*B*·*l*) was used, where *A* is the area of the FTIR peak of a particular species, *B* is the standard peak area, and *l* is the difference between the experimental gas cell path length and the path length used to obtain the reference data.

Optical Emission Spectroscopy {#sec2.8}
-----------------------------

Optical emission spectroscopy (OES) was used to obtain an indication of the nature of excited species produced in the discharge layer and to assess the rotational and vibrational temperature of the plasma. A fiber optic coupled spectrometer (Ocean Optics HR2000+) with a spectral resolution of ∼0.5 nm was employed to record the emission spectra from the discharge under low, medium, and high power operating conditions. To obtain the rotational and vibrational temperature the recorded emission spectra was compared against synthetic spectra of the Nitrogen Second Positive series, generated using the commercial software Specair, and the best fit temperature obtained.

Sample Temperature Measurements {#sec2.9}
-------------------------------

A thermocouple probe was used to measure the sample temperature as a function of treatment time. The probe was positioned on the glass coverslip or within the liquid sample and the temperature recorded at 30 s intervals throughout plasma exposure.

Statistical Analysis {#sec2.10}
--------------------

Three replicate samples were conducted for each time point in the experiment. One way and two way ANOVA was used to evaluate the significant difference between the experiment groups (GraphPad Prism 7).

Results and Discussion {#sec3}
======================

Antifungal Effect of Gaseous Plasma Treatment {#sec3.1}
---------------------------------------------

*A. flavus* spores deposited on glass coverslips were directly exposed to the CAP effluent under the plasma generation conditions outlined in the experimental methods section. The antifungal effect of the treatment is highlighted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. From the figure it is clear that a 480 s CAP treatment resulted in considerable spore inactivation, exceeding a 5 log reduction under both the low and high power conditions ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}(a) and (c)). In general, the log reduction increased with exposure time and applied power. The highest power condition gave the most rapid level of inactivation, reaching a 2.19 log reduction after just 120 s of exposure ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}(c)). Conversely, the low power condition showed a very little effect until 240 s, at which point a rapid increase in the level of inactivation occurred, ultimately achieving complete inactivation (defined as \<1 log surviving CFU) within 480 s ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}(a)). To provide a comparison of CAP inactivation efficacy against a widely used liquid decontamination agent, spores were spread on a glass coverslip and exposed to a 1% Virkon solution for a total of 480 s. Under such conditions, no reduction in viable spores was observed ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}(a)--(c)). Such results indicate that gas phase plasma treatment is considerably more effective than a standard Virkon solution. These findings were supported by the XTT analysis, which highlights a minor decrease in the metabolic activity of Virkon treated spores; in contrast, plasma treated spores exhibited significantly reduced activity at considerably shorter exposure times ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}(d)-(f)).

![CAP effluent treatment of *A. flavus* spores: (a), (b), and (c) log numbers of new grown spore units after low, medium, and high power plasma treatment with a comparison provided against a 1% Virkon solution. The initial concentration of spores for (a), (b), and (c) was 1.3 × 10^6^ CFU/mlL. An one way ANOVA was performed between treated samples and control samples (0 s). *P*-values −0,0332 (\*); 0,0021 (\*\*); 0,0002 (\*\*\*); \< 0,0001 (\*\*\*\*); (d), (e), (f) metabolic activity of spores exposed to low, medium and high power plasma and a 1% Virkon solution comparison.](es-2018-05386k_0003){#fig3}

Insight into the mode of inactivation during CAP exposure can be obtained from SEM images of the treated spores. The typical cases of untreated, CAP treated, and Virkon treated spores under two different levels of magnification are presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. As seen in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}(b) and [4](#fig4){ref-type="fig"}(e), a high power plasma treatment resulted in considerable structural damage to the *A. flavus* spores. It was observed that a large percentage of the treated spores exhibited similar levels of structural damage and were surrounded by considerable cell debris. In contrast, Virkon treated spores, presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}(c) and (e), showed little difference from the untreated spores.

![Characteristic scanning electron microscopy images of *A. flavus* spores after exposures to the direct CAP treatment and a 1% Virkon solution under 10 000× magnification ((a), (b), (c)) and 25 000× magnification ((d), (e), (f)): (a) and (b) untreated sample (control); (b) and (e) sample treated with CAP at high power for 120 s with marked plasma produced spore morphology damage; (c) and (f) sample treated with 1% Virkon for 480 s.](es-2018-05386k_0004){#fig4}

To explain the observed decontamination results and aid in identification of the most likely underpinning inactivation pathways involved in gas phase CAP treatment FTIR, OES and temperature measurements were made. Initially, to rule out thermal effects, a thermocouple was placed at a position 5 mm beneath the SBD electrode. In all cases thermal equilibrium was reached within 120 s of CAP exposure and temperatures of 35 °C, 48 °C, and to 52 °C were measured for the low, medium, and high power conditions, respectively. While these temperatures are not insignificant, studies have demonstrated that such temperatures are incapable of achieving a significant level of mold spore inactivation on the time scales considered in this study.^[@ref44]^ Such results provide a strong indication that thermal effects are not the primary inactivation mechanism. To gain an insight into the composition of the plasma, OES was employed to capture the optical signature of the excited species within the discharge layer. The overlaid emission spectra of the discharge operating under low, medium and high power conditions is displayed in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}(a). The spectra reveal that in all cases the excited nitrogen second positive series was the dominant emission, appearing between 290 and 410 nm. No other significant emission lines were observed within the 280--600 nm wavelength range regardless of operating power. Given the emission data was calibrated for intensity it is possible to conclude that the light intensity produced by the CAP over the UVC, UVB, and UVA ranges is well below that known to have an impact on the growth of *A. flavus* spores, with levels around μW·cm^--2^·nm^--1^. Therefore, UV effects from the CAP device can also be neglected, a finding consistent with previous studies.^[@ref45]^

![Gas chemical composition of plasma gas phase produced by air SBD operated at low, medium and high dissipated power; (a) OES and vibrational and rotational temperature of electrons; (b) FTIR spectra of long-lived species; (c) ozone content; (d) nitrogen dioxide content; (e) nitrous oxide content.](es-2018-05386k_0005){#fig5}

Further analysis of the second positive system makes it possible to obtain an estimate of the gas temperature within the discharge layer. It is well-known that under the atmospheric pressure conditions the rotational temperature of excited nitrogen is in thermodynamic equilibrium with the background gas. By comparing the recorded emission spectra against a synthetic spectra calculated at a known temperature an approximation of the gas temperature was obtained. As shown in the inset of [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}(a), the best-fit temperature at the highest plasma power was found to be 340 K with an error of ±25 K. This value corresponds well with the thermocouple measurements made at the sample location.

Beyond UV and thermal effects, it is well-known that air plasma generated at atmospheric pressure creates highly reactive short-lived species, for example, O, OH, N, and O~2~^--^, which diffuse away from the plasma region, rapidly reacting to form a variety of longer-lived RONS, including O~3~, H~2~O~2~, nitric oxide (NO), and other NO~*x*~.^[@ref46]^ The density of some of these species can be quantified from FTIR absorption measurements obtained during plasma operation, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}(b). Under low power conditions, it can be seen that O~3~ is the primary long-lived product of the discharge. O~3~ is primarily produced in the discharge layer through a three-body reaction involving atomic oxygen ([1](#eq1){ref-type="disp-formula"}).Conversely, under high power conditions, the composition of the discharge effluent is dominated by NO~*x*~ including nitrous oxide (N~2~O) and nitrogen dioxide (NO~2~) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}(b)). The origins of the transition between O~3~ dominated to NO~*X*~ dominated discharge chemistries is 2-fold: first, as discharge power increases, the rate of thermal decomposition of O~3~ rapidly increases.^[@ref42]^ Second, an increased power yields more NO which acts to poison O~3~ production by simultaneously reducing O~3~ through direct decomposition to NO~2~ and through the consumption of O, a key precursor for O~3~ formation (Reactions [2](#eq2){ref-type="disp-formula"} and [3](#eq3){ref-type="disp-formula"}).^[@ref47]^Time-resolved FTIR measurements reveal the evolution of O~3~, NO~2~, and N~2~O in the discharge effluent and clearly demonstrate the poisoning effect ([Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}(c--e)). Under high power operation, O~3~ formation is rapidly inhibited as the discharge reactor reaches thermal equilibrium and the nitric oxide concentration increases. As O~3~ poisoning occurs, a significant increase in NO~2~ is observed. Finally, it is worth pointing out that several key RONS present in the plasma effluent may not be measured using FTIR, either because they do not actively absorb infrared light, or because they react to form alternative species between the discharge chamber and the FTIR gas cell, nitric oxide being a prime exemplar.

The biological effects of RONS are well-known. O~3~ is a powerful oxidant; it can oxidize organic matter either directly or through OH produced during the decomposition of O~3~. First, it interacts with double bonds of unsaturated lipids and the sulphydryl groups of membrane enzymes. This damage causes disruption of cell permeability, leading to leakage and oxidation of intercellular contents and biomolecules such as nucleic acids and eventually the lysis of the cell.^[@ref48]^ Another potent oxidant produced by CAP is H~2~O~2~, which has inactivation mechanisms similar to those of O~3~. Generally, cytotoxicity caused by H~2~O~2~ begins with its penetration into the cell and then the production of OH. OH is an extremely potent oxidizing agent which can be created from the decomposition of both O~3~ and H~2~O~2~. Its primary targets are cell walls and membranes, therefore all the compounds composing of these two structures. The mechanism of OH reaction with lipids refers to its H-abstraction from the unsaturated carbon bonds of the fatty acids, ending in lipid peroxidation.^[@ref49]−[@ref53]^ Simultaneously, OH also reacts with membrane proteins by H-abstraction from the α-carbon of the peptide bonds between chain peptide-linked amino acids, resulting in peroxidation of proteins. In comparison with the direct activity of O~3~, the mechanism of OH inactivation is less selective.^[@ref54]^ Given that the SEM images in [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}(b and e) demonstrate that spores subjected to CAP treatment exhibit significant structural changes, it is highly probably that ROS species have an etching effect on the spore wall, creating an entry point for RONS to react further with the intracellular contents.

Some previous studies have hypothesized that the interaction between plasma generated RONS and fungal spores is one of the most likely chemical pathways for inactivation.^[@ref37],[@ref55]^ When CAP decontamination efficacy is compared against the most frequently used methods for fungi decontamination, conventional UV irradiation or O~3~ treatment, the CAP method is significantly more effective. Recent studies of conventional approaches demonstrated that UVC irradiation achieved a modest 2.8 log reduction of *Penicillium expansum* spores after a 6 min exposure at a light intensity of 3.3 kJ/m^2^.^[@ref56]^ Similarly, gaseous O~3~ was found to be even less effective, with a 3 log reduction achieved for various spores types exposed to 35 ppm of O~3~ for 20 min.^[@ref17]^ Since the low power CAP treatment accomplished a high inactivation level within a short time frame, it is reasonable to conclude that O~3~ alone is not solely responsible. Therefore, the simultaneous exposure to multiple RONS, UV and elevated gas temperatures are likely to result in synergistic effects that accelerate spore inactivation in the presence of plasma.

Antifungal Effect of Plasma Activated Broth {#sec3.2}
-------------------------------------------

Recently, a considerable research effort has been focused on the use of plasma treated liquids for microbial inactivation applications. Examples include the inactivation of *Escherichia coli*, *Pseudomonas fluorescens*, *Staphylococcus aureus*, *Candida albicans,* etc.^[@ref42],[@ref57]^ Using a liquid as a carrier for reactive plasma species overcomes some drawbacks associated with a gas plasma treatment including an ability to treat highly porous materials with complex morphologies and enabling the treatment of highly temperature sensitive systems or environments where gaseous plasma cannot be directly used. Another comparative advantage of this treatment modality is the long-lived nature of the PAB (up to 1 week),^[@ref58]^ which can be used when needed, without the need to create a plasma.

To assess the potential of PAB for fungal inactivation, a PAB solution was prepared and subsequently used to expose *A. flavus* spores for varying lengths of time. The inactivation results are presented in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}(a--c). Clearly, the inactivation efficacy of PAB is significantly lower than the corresponding gas phase treatment. No significant reduction in spore count was observed with the exception of 24 h exposure to PAB created using high power plasma conditions, yielding a 1.04 log reduction. In contrast, exposure to a 1% Virkon solution led to complete inactivation under all conditions investigated. Interestingly, the metabolic activity of PAB treated spores significantly decreased under all treatment conditions, reaching a value two times lower compared to the control ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}(d--f)). Given that previous studies have demonstrated the high antimicrobial potential of PAB, the results from [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} are unexpected since it would be reasonable to assume that similar inactivation pathways are at play. To unravel this, the untreated, PAB treated and Virkon treated *A. flavus* spores were analyzed by SEM after a 6 h incubation in fresh aqueous TSB solution ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). From the observed morphology, some minor differences were detected between the untreated ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}(a) and (d)) and PAB treated spores ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}(b) and (e)); however, spores exposed to Virkon exhibit significant structural damage ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}(f)). Nevertheless, the growth and the development of hyphae and mycelia of *A. flavus* exposed to PAB treated with high power CAP was decreased or arrested ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}(b) and (e)). In comparison, the formation of mycelia can be observed at untreated sample ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}(a)).

![Exposure of *A. flavus* spores to plasma activated broth (PAB) generated under low, medium and high power conditions for 480 s with a comparison provided against a 1% Virkon solution: (a), (b), (c) log numbers of new grown spore units after exposure to PAB and Virkon for 3, 6, and 24 h. The initial concentration of spores for (a), (b), and (c) was 2.1 × 10^6^, 3.8 × 10^6^ and 2.5 × 10^6^ CFU/mL, respectively. An one way ANOVA was performed comparing results of treated samples to control (0 s). *P*-values −0,0332 (\*); 0,0021 (\*\*); 0,0002 (\*\*\*); \< 0,0001 (\*\*\*\*); (d), (e), (f) metabolic activity of spores exposed to PAB and Virkon for 3, 6, and 24 h.](es-2018-05386k_0006){#fig6}

![Characteristic scanning electron microscopy images of A. flavus spores after a 6 h exposure to PAB and a 1% Virkon solution under 5000 x magnification ((a)-(c)) and 25 000× magnification ((d)--(f)): (a) and (c) sample incubated in untreated aqueous TSB broth solution (control) with marked mycelia; (b) and (e) sample treated with PAB; (c) and (f) sample treated with 1% Virkon solution.](es-2018-05386k_0007){#fig7}

In order to understand the results, the nature of PAB must be considered. CAP interaction with liquid induces a wide range of physicochemical changes. The creation of aqueous phase chemical species is strongly influenced by the type of discharge, its underpinning physical processes and the chemical composition of the surrounding environment, such as the type of gas and liquid used. Mass transport from the plasma phase, through the separating gas layer to the liquid phase, leads to the generation of a wide variety of reactive species in the bulk liquid. In this study, the liquid chemistry is mostly affected by long-lived species despite the relatively short distance between the plasma and the liquid surface, as the most reactive chemical species are confined to the visible discharge layer.^[@ref46]^ To follow the kinetics of the aqueous phase reactive species, the concentrations of H~2~O~2~, NO~2~^--^, NO~3~^--^ and pH were measured as a function of CAP treatment time ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}).

![Liquid phase chemistry of PAB. Created using CAP under low, medium and high dissipated powers. A two way ANOVA was performed comparing results of treated samples to control (0 s); (a) pH values of PAB; (b) concentration of hydrogen peroxide. All treated samples were significantly different compared to control (*P* ≤ 0,001); (c) concentration of nitrite. All treated samples were significantly different (*P* ≤ 0,001) with exceptions of those treated for 30 s with low power plasma and 480 s with medium and high power plasma; (d) concentration of nitrate. Significant differences (*P* ≤ 0,001) occurred after 240 s of exposure to low and medium power plasma~,~ and after 120 s of exposure to high power plasma.](es-2018-05386k_0008){#fig8}

In [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}(b) we suggest that CAP treatment induces the formation of H~2~O~2~ in the broth solution. The increase in H~2~O~2~ concentration is highly dependent on the discharge power employed. For low and high power treatment conditions, the H~2~O~2~ concentration is increased up to an equilibrium or saturation level. Conversely, PAB created under medium power operation CAP operation showed a different trend, with a continual increase. The highest concentration of H~2~O~2~ was measured after 480 s in the medium power case, at over 1800 μM. Based on recent plasma modeling studies,^[@ref59],[@ref60]^ it is expected that H~2~O~2~ present in the liquid phase was either generated in situ or created in the humid air surrounding the plasma generating electrode, through [Reaction [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}.Considering the reasonably large air gap between the plasma layer and liquid surface, it is highly unlikely that OH produced in the discharge will reach the liquid interface in any significant concentration. Consequently, the direct formation of H~2~O~2~ at the gas--liquid interface will be minimal ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). Several studies have used electron spin resonance techniques to measure OH directly in the liquid phase,^[@ref60]^ this has been attributed to in situ generation pathways involving plasma generated RONS that are capable of transport across the dividing gas layer, pertinent reactions include Reactions [5](#eq5){ref-type="disp-formula"} and [6](#eq6){ref-type="disp-formula"}:The presence of NO~2~^--^ was measured using the Griess reagent method. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}(c) demonstrates that regardless of the plasma power the NO~2~^--^ concentration initially increased with treatment time, reaching a peak, followed by a significant decrease with further treatment. Conversely, the NO~3~^--^ displays an almost linear increase with treatment time under all power conditions ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}(d)). Both NO~2~^--^ and NO~3~^--^ in the CAP treated broth solution are created through numerous reaction pathways. Mass transport of nitrous acid (HNO~2~) and nitric acid (HNO~3~) from the gas phase to the liquid provides the primary reactants to form NO~2~^--^ and NO~3~^--^. Once in the liquid, they are hydrolyzed to form NO~2~^--^, NO~3~^--^, and H^+^ (Reactions [7](#eq7){ref-type="disp-formula"} and [8](#eq8){ref-type="disp-formula"}):^[@ref60]^Another important pathway involved in the creation of these ionic species involves NO and NO~2~ generated in the gas phase downstream of the discharge layer (Reactions [9](#eq9){ref-type="disp-formula"} and [10](#eq10){ref-type="disp-formula"}):^[@ref60]^Eventually, the concentration of H^+^ rises to a level where hydrolysis reactions are inhibited, contributing to a reduction of pH,^[@ref33],[@ref60]^ which can also be observed in the presented study. The pH level decreased over time under all examined power conditions, reaching a pH of 2.4 after 480 s of exposure ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}(a)) in the highest power case. The results presented in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} and the observed drop in NO~2~^--^ concentration can be explained by considering its reaction with dissolved O~3~ and NO~3~ to become NO~3~^--^, [Reactions [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"} and [12](#eq12){ref-type="disp-formula"}.^[@ref61]^ Under the observed acidic conditions, NO~3~^--^ is also generated through the reaction of NO~2~^--^ with H~2~O~2~, forming short-lived ONOO^--^ via [Reaction [13](#eq13){ref-type="disp-formula"}](#eq13){ref-type="disp-formula"}.^[@ref33],[@ref60]^Based on the liquid chemistry analysis detailed in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, the low rate of fungal spore inactivation observed in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} remains somewhat surprising. The PAB contained significant amounts of RONS such as H~2~O~2~, NO~2~^--^ and NO~3~^--^. Moreover, it is assumed that under acidic conditions ONOO^--^ is generated. Several recent studies have indicated that ONOO^--^ is one of the most potent oxidizing molecules in the field of biology and is a key agent in oxidative stress mechanisms. It is able to oxidize organic molecules directly or through H^+^ or CO~2~-catalyzed homolysis (yielding NO~2~·, OH, or carbonate anion radical CO~3~^.-^). As for direct reactivity, it has affinity with key parts of proteins such as thiols, iron/sulfur centers, and zinc fingers. The lifetime of ONOO^--^ is relatively short, nonetheless, it can still cross cellular membranes and reach deep within the cell, enabling it to interact with most of the important biomolecules. Because of its instability, measuring the amount of ONOO^--^ produced is a considerable challenge.^[@ref32],[@ref62],[@ref63]^

![Schematic of main reactions during the CAP treatment of liquid.](es-2018-05386k_0009){#fig9}

To explain the significant difference in inactivation efficiency between spores exposed to plasma gas phase species and those exposed to PAB, the persistence of the fungal spores must be considered. These difference could be attributed to the surface characteristics of *Aspergillus* spp. spores which have extremely hydrophobic properties due to the presence of proteins known as hydrophobins. These proteins cause spores to clump together and form aggregates in aqueous solution by association of their hydrophobic molecules with each other rather than with other molecules within the liquid.^[@ref64]^ Hydrophobic properties of the surface of the spores in relation with their insufficient inactivation in water was already discussed in the study by Ouf et al., where double atmospheric pressure cold plasma was used with intention to inactivate different mold species during water washes of fruit.^[@ref65]^ Conversely, spores spread on glass and allowed to dry are not protected with liquid and are therefore far less likely to form such aggregates, and are therefore more vulnerable to the reactive plasma species. This is in agreement with the SEM images presented in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [7](#fig7){ref-type="fig"}, where plasma treated spores display considerable damage after gas phase exposure, and little change after PAB exposure. It is well-known that O~3~ and related ROS are important in terms of fungicidal activity of liquids.^[@ref66]^ In the case of this study, it was assumed that only a small amount of O~3~ reached the aqueous phase due to its low Henry's law constant, and the number of potential loss pathways arising due to the presence of other plasma generated species, especially at a low pH. In all cases, the pH of the PAB was seen to drop and it is commonly accepted that the fungicidal effect in acidic conditions is less significant since many mold species tolerate low pH.^[@ref67]^ This is not the case when PAB is used as an antimicrobial agent, since many bacterial species are significantly less tolerant to a low pH compared to their fungal counterparts. Nevertheless, a low pH can affect the electrostatic properties of the mold spores, resulting in an increase of zeta potential, meaning spores are likely to be more dispersed throughout the liquid volume, which can negatively affect the development of mold hyphae, mycelia and arrest mold growth.^[@ref68]^

Overall, it is clear that gas phase CAP treatment is an extremely effective and environmentally friendly method for fungal inactivation, which requires no consumables and produced no harmful residues. Based on the results presented, a greater understanding of CAP technology gas been uncovered and thus may accelerate the translation of this innovative green technology for the decontamination of food, living areas or use in other relevant environments. Conversely, the results with plasma treated liquid did not demonstrate promising results. The difference between surface and liquid inactivation efficacy was attributed to the hydrophobic surface properties of spores, which makes them considerably more resilient to RONS when in the liquid phase.
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